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ible NO synthase is cytotoxic. For instance, in nonspecific host defense, macrophage-mediated killing or inhibition of proliferation of microorganisms and tumor cells involves NO both in vitro'*"4 and in NO can cause DNA strand breaks and mutation^'^.'^ and is capable of inducing internucleosomal DNA fragmentation in murine peritoneal macrophages" and transformed fibroblasts.*" Recent observations suggest that NO may be a mediator of graft-versushost disease,*',** in which NK cells have also been implicated in the pathogenesis of the disease.*' Furthermore, generation of lymphokine-activated killer-cell activity has been reported to depend on NO production in rats and mice.*"" In the present study, we measured the production of NO during murine NK-cell-mediated killing of lymphoma cells and investigated the role of NO in mediating cell lysis and DNA fragmentation.
MATERIALS AND METHODS
Animals. Male C57BL/6J (H-2b haplotype) mice (6 to 10 weeks old) purchased from The Jackson Laboratory (Bar Harbor, ME) were used as spleen donors.
ESfector cells. Mice were killed by cervical dislocation. Spleens from untreated animals or mice injected intraperitoneally 18 hours earlier with 100 pg polyinosinic-polycytidylic acid (poly 1:poly C; Sigma, St Louis, MO), a potent activator of NK ~e l l s ,~~~~' were removed under aseptic conditions and spleen cells were harvested. Following lysis of contaminating red blood cells, the cells were washed twice in RPMI-1640 medium and incubated on plastic culture dishes for 1 hour at 37°C in 5% CO2 in air. Nonadherent cells were then harvested and resuspended in culture medium consisting of RPMI-1640 reconstituted with or without L-arginine (1 mmol/L) (Select Amine Kit; GIBCO, Grand Island, NY), 10% fetal bovine serum (HyClone Laboratories, Logan, UT), 2 m m o K glutamine, 10 mmol/L HEPES, 100 U/mL penicillin, and 100 &mL streptomycin. The L-arginine concentration in unsupplemented culture medium was approximately 10 p m o K due to the L-arginine provided by the fetal bovine serum. The resulting cells (viability >99% by trypan blue exclusion test) were called NK cells in the present study. Cell preparations contained 1% to 4% monocytes/macrophages (as assessed by neutral red staining) and less than 0.2% neutrophils (Wright staining). The percentage of NK cells was assessed by an R-phycoerythrin-conjugated mouse antimouse NK-cell monoclonal antibody (clone, 2B4; isotype, immunoglobulin [IgIGz,; Pharmingen, San Diego, CA), which reacted with 3% to 4% and 4% to 6% of the resulting cells from untreated and poly 1:poly C-treated mice, respectively. This antibody reacts with all NK-1.1+ cells and a subset of T cells that mediate non-MHC-restricted cytotoxicity, but not with B cells, neutrophils, or monocytedmacrophages.
Radiolabeling target cells. YAC-l, a murine lymphoma cell line (American Type Cell Culture, Rockville, MD) was grown as a suspension culture in complete RF"1-1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 2 mmoVL L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin. YAC-l cells (0.5 to 2 X lo6 cells) were labeled in their cytoplasma with 51Cr and/or in their DNA with ['UI]deoxyuridine (Iz5IUdR) by incubation with 10 pCi %JdR (ICN Radiochemicals, Irvine, CA) for 2 hours at 37°C in 100 pL culture medium. During the last 60 minutes of incubation, 100 pCi of Na [5'Cr] 04 (New England Nuclear, Boston, MA) was added. The cells were then washed three times in culture medium. The doubly labeled cells were used only if the incorporation level of 1Z51UdR was greater than 1 cpm/cell and if the '=IUdR to 51Cr radioactivity ratio was greater than 2.
Quantitation of DNA fragmentation and cytolysis. Target cells labeled with "Cr and/or IUIUdR (2.5 X lo' in 100 pL) were seeded into 96-well microtiter plates that contained various number of NK cells in triplicate in 100 pL of medium. A portion of NK cells was preincubated with the NO synthase inhibitor, p-nitro-L-arginine methyl ester (L-NAME; final concentration, 1 mmovL, Sigma) or its biologically inactive D-enantiomer, p-nitro-D-arginine methyl ester (D-NAME; Research Biochemical International, Natick, MA)" for 10 minutes at 37°C. The plates were centrifuged at 50g for 5 minutes to establish cell contact and were incubated at 37°C in 5% CO, in air for various times before harvest. At the end of the incubation period, the cells were centrifuged at 200g for 10 minutes and the cell-free supernatant carefully withdrawn and saved. For DNA fragmentation assays, the cell pellet was lysed with 1 mL of 10 mmoVL Tris (pH 7.5) that contained 1 mmoVL EDTA and 0.2% Triton X-100. The lysates were then centrifuged at 13,000g for 10 minutes to separate fragmented from intact chr0matin.2~ The radioactivity present in the incubation medium, in the 13,OOOg supernatant, and in the 13,OOOg pellet were quantitated using a Wallac 1470 Wizard Automatic Gamma Counter (Turku, Finland). The system was programmed to correct for crosstalk and spillover between detectors and counting channels. The percent 5'Cr release was calculated by the following formula: % lysis = (cpm, , . , , + cpmlo,l X 100, where cpm, l, d
is the radioactivity present in the incubation medium and cpm, , is the total 5'Cr radioactivity present in the incubation medium, 13,OOOg supernatant, and 13,ooOg pellet. The percent fragmented DNA was calculated using the formula: % fragmented DNA = (cpmfmgmenlcd f cpm,, X 100, where cpmfrasmented is the IZ5I radioactivity present in the culture medium plus the 13,OOOg supernatant (ie, nonsedimenting chromatin) and cpm,,, is cpmhgmented plus the ' ' ' 1 radioactivity in the 13,OOOg pellet. Percent specific fragmented DNA and lysis were calculated by the following formula: % specific fragmented DNA or lysis = ([E -S] i [l00 -S]) X 100, where E is the experimental value for percent fragmented DNA or lysis and S is the spontaneous value for percent fragmented DNA or lysis.
DNA isolation and gel electrophoresis. Following 4 hours of incubation, nonsedimenting chromatin from 13,OOOg supernatants of hypotonically lysed cells was precipitated with 50% isopropanol and 0.5 moVL NaCl overnight at -20"C.29 The precipitated DNA was washed with 75% ethanol, air-dryed, redissolved in 10 pL of 10 mmoVL Tris-HC1, 1 mmoVL EDTA, pH 8.0, and subjected to electrophoresis in 0.8% agarose in the presence of 0.1 pg/mL ethidium bromide for 90 minutes at 100 V with 40 mmoVL Tris-HC1, 20 mmoVL acetic acid, and l mmoVL EDTA as a running buffer.
Quantitation of apoptotic morphology. Determination of apoptotic index and cell viability was performed according to the method of Duke et al.z9 In brief, 104 unlabeled tumor cells were cultured with NK cells in the presence and absence of L-NAME (1 mmol/ L) as described earlier. After a 4-hour incubation, the cells were pelleted by centrifugation at 200g for 10 minutes and resuspended in 20 pL culture medium that contained 2 pL of a mixture of 100 pg/mL acridine orange and 100 pg/mL ethidium bromide. A 10-pL suspension was placed on a microscope slide and covered with a 22-mmz coverslip (no. 1 thickness). The number of live and dead target cells with normal and apoptotic nuclei was determined by fluorescence microscopy. A minimum of 200 cells were counted and classified as (1) viable Nitrite determination. The concentration of NO; in culture supernatants was quantitated using the Griess reaction3" and interpreted as indicative of the flux of L-arginine through NO synthase. Briefly, 100 pL of supernatant was combined with an equal volume of Griess reagent (1 % sulfanilamide/O.l % naphthylethylene-diamine dihydrochloride in 2.5% H3P04) and incubated for 10 minutes at room temperature. Absorbance was measured at 550 nm with an enzymelinked immunosorbent assay (ELISA) Reader (SLT Labinstmments, Grodig/Salzburg, Austria), and nitrite concentrations were determined using NaNOz as a standard. The detection limit of the assay was 0.1 nmol/well.
Flow cytometry of NK-cell fluorescence during target killing. NK-cell chemiluminescence was measured using the 2',7'-dichlorofluorescein (DCFH) oxidation assay. The oxidation of nonfluorescent DCFH trapped inside the cells to a fluorescence derivative, 2',7' dichlorofluorescein, can occur either by hydrogen peroxide or NO.3' NK cells (2 X 106/mL) were loaded with DCFH diacetate (Eastman Kodak, Rochester, NY; final concentration, 5 pmoVL) by rotating end-over-end for 30 minutes at 3 7 T , washed once with RPMI 1640, and resuspended in complete medium to the original concentration.
Aliquots of 100 pL were incubated with L-NAME (1 mmoVL) or the calmodulin antagonist, W-l3 (100 prnom; Research Biochemicals International) for 10 minutes before addition of unlabeled target cells. In separate experiments, DCFH oxidation by target cells was also studied by using unlabeled NK cells and DCFH diacetate-loaded YAC-l cells. The cells were then centrifuged at 200g for 3 minutes and incubated for 17 minutes at 37°C in 5% COz in air. At the end of the incubation period, the cells were labeled with a saturating concentration of R-phycoerythrin-conjugated mouse antimouse NK-cell monoclonal antibody (clone, 2B4). The samples were centrifuged and washed three times with ice-cold RPMI 1640, resuspended in the same medium, and stored at 4°C in the dark until fluorocytometric analysis. Negative controls were obtained by omitting the monoclonal antibody and/or DCFH diacetate. Double-color immunofluorescence staining was analyzed by a flow cytometer (FACStar; Becton Dickinson, San Jose, CA) using the Lysis I1 software program.
Additional experiments were performed to assess the effects of W-l 3 and L-NAME on DCFH oxidation by monocyteslmacrophages of splenic origin. Monocytes/macrophages adhered to plastic culture &shes were removed with a cell scraper, resuspended in complete culture medium, loaded with DCFH diacetate, and challenged with mom phorbol myristate acetate. DCFH oxidation was studied under the same experimental conditions as just described.
Statistics. Values are reported as the means t SEM. Statistical analysis of the data was performed by a nonparametric analysis of variance (ANOVA; Kruskal-Wallis test) followed by Dunn's multiple-contrast hypothesis test to identify differences between various treatments; by the Wilcoxon signed-rank test or Mann-Whitney C l test for paired or unpaired comparisons, respectively, A P value less than .05 was considered significant for all tests.
RESULTS
Effects of L-NAME on NK-cell-induced cytolysis and DNA fragmentation. Murine YAC-1 target cells labeled in their DNA with Iz5IUdR or cytoplasmically with 51Cr were cultured with nonadherent spleen cells from C57BL/6J mice injected 18 hours previously with poly 1:poly C (NK cells). Specific 5'Cr release and DNA fragmentation was determined after a 4-hour incubation at 37°C. With increasing numbers of NK cells added, there was a concomitant increase in specific 51Cr release (Fig 1) . Specific DNA fragmentation increased with increasing effector:target (E:T) ratio until 100: 1, whereas at the E:T ratio of 200: 1, it began to decrease (Fig I) . In the presence of L-NAME, 51Cr release and DNA fragmentation were attenuated by 24% to 36% and 18% to 28%, respectively. A statistically significant inhibitory action of L-NAME on 51Cr release and DNA fragmentation was detected at E:T ratios higher than 12:1, and L-NAME appeared to exert similar degree of inhibition at these higher E:T ratios.
The target-killing ability of NK cells was associated with an increased production of NO as measured by concentrations of nitrite in the culture supernatants after a 4-hour incubation (Fig 1, inset) . L-NAME inhibited nitrite production on average by 94%. YAC-1 cells alone did not produce detectable amounts of nitrite under the present experimental conditions.
At all E:T ratios, DNA fragmentation induced by NK cells is about the same as 5'Cr release at all time points tested (Fig 2) . Similar kinetics was observed in the presence of L-NAME (Fig 2) . However, the inhibitory action of L-NAME became more pronounced with increased incubation time (Fig 2) .
The reversibility of the inhibitory action of L-NAME on NK-cell killing was studied at an E:T ratio of 1OO:l. In the presence of L-NAME (1 mmol/L), specific 5'Cr release decreased from 40.2% ? 3.8% to 26.4% t 1.7% (n = 5, P < .05). Addition of L-arginine (10 mmol/L) to the culture medium prevented the inhibitory action of L-NAME on NKcell killing (38.4% t 2.0% specific lysis, n = 5, P > . l untreated cells), whereas D-arginine (10 mmol/L) was without effect (22.6% ? 3.0% specific lysis, n = 5, P > . l L-NAME-treated cells). Unlike L-NAME, D-NAME (1 mmol/L) had no significant effect on NK-cell killing (40.4% t 4.3% specific cell lysis).
To provide further evidence for the involvement of NO in NK-cell killing, we compared the effect of L-NAME on cell lysis induced by NK cells from untreated animals and from mice injected with poly 1:poly C. Poly 1:poly C treatment markedly enhanced the cytotoxic potential of NK cells in culture medium that contained 1 mmoVL L-arginine ( Fig  3A and B) . While L-NAME significantly inhibited target lysis by NK cells from mice injected with poly 1:poly C, it failed to affect the cytolytic activity of NK cells from untreated mice (Fig 3A) . Further demonstrating that NO contributed to NK killing, the cytotoxic activity of poly 1:poly C-activated NK cells was decreased in L-arginine-deficient culture medium (31.9% f 2.6% specific target cell lysis, n = 4, compared with 40.2% 2 3.2% target lysis, n = 5, in the presence of 1 mmol/L L-arginine; P C .05) (Fig 3C) . Accordingly, after a 4-hour incubation, nitrite concentrations in the L-arginine-deficient medium supernatant were markedly lower than in medium that contained 1 mmol/L L-arginine (1.6 2 0.5 pmol/L, n = 3, v 18.3 2 2.8 pmoVL, n = 4; P C .05). Under these conditions, L-NAME did not modify significantly the specific cell lysis (Fig 3C) . Morphologic and molecular evidence for NO-mediated apoptosis. To ascertain that DNA fragmentation observed during NK-cell killing was apoptotic in nature, a morphologic assay and gel electrophoresis were performed. In the morphologic assay, the cells are stained with a mixture of acridine orange and ethidium bromide, and the percentage of viable and apoptotic cells quantified by recording the distribution of nuclear chromatin. As shown in Table 1 , NKcell-mediated killing of YAC-I cells was always associated with a nearly equal degree of apoptotic morphology. The percentage of both dead cells and apoptotic cells was significantly decreased in the presence of L-NAME at all E:T ratios tested (Table 1) .
The results obtained in the DNA fragmentation and nuclear morphology assays were confirmed by agarose gel electrophoresis of DNA isolated from the 13,OOOg supernatant of lysed YAC-l cells after a 4-hour incubation with various numbers of NK cells. Oligonucleosome-sized fragments characteristic for apoptosis were found in samples prepared from YAC-I cells cultured in the absence and presence of L-NAME (Fig 4A) .
Effects of chemically generated NO on YAC-I cells. The direct killing ability of NO-generating agents, such as sodium nitroprusside, on YAC-l cells was also examined. Exposure of YAC-l cells to 6 mmoVL sodium nitroprusside for 4 hours resulted in 28.4% 2 3.9% specific cell lysis and 26.2% 5 3.7% DNA fragmentation (n = 4). Furthermore, DNA isolated from sodium nitroprusside-treated cells showed a similar pattern of internucleosomal DNA fragmentation to that observed during NK-cell killing (Fig 4B) . (Fig 5) . The increases in fluorescence were prevented by L-NAME, but not W-l3 (Fig 5 ) . Similar changes were observed in DCFH oxidation by nonadherent spleen-cell populations in the absence and presence of L-NAME and W-13 (Fig 5) . There were no detectable changes in mean channel fluorescence by DCFH diacetate-loaded YAC-I cells in the absence and presence of effector cells (22.4 t 2. or L-NAME (59.7 t 3.9 relative fluorescence units, n = 4; P < .OS).
DISCUSSION
The present findings provide three lines of evidence to support a role for NO in murine NK-cell-mediated DNA fragmentation and lysis of YAC-I lymphoma cells: ( l ) NO concentrations were elevated in the culture medium during N K killing; (2) preincubation of NK cells with an inhibitor of NO synthase significantly attenuated NK-cell-mediated DNA fragmentation and cell lysis; and (3) exposure of YAC-1 cells to chemically generated NO resulted in DNA fragmentation and cell lysis.
The fragmentation of DNA and lysis of YAC-I cells by NK cells from poly 1:poly C-treated mice were significantly attenuated by the inclusion of the NO synthase inhibitor, L-NAME in the culture medium at E:T ratios higher than 12: 1. The findings that the inhibitory action of L-NAME can be reversed by L-arginine, but not D-arginine. and the failure of D-NAME to affect NK-cell killing are consistent with the notion that the effects of L-NAME result from inhibitory actions on NO synthesis.'x Indeed, at the E:T ratio of 200: I , L-NAME inhibited by 94% the concentration of nitrite in the culture supernatants, a measure of the flux of L-arginine through NO synthase. The degree of inhibition of killing by L-NAME was greater with increasing E:T ratios. A possible explanation of this observation might be that a threshold concentration of NO is required to induce killing, and that the relative importance of different pathways, eg, perforin, granzymes, and NO, which mediate target killing, varies at different E:T ratios. Further supporting that the production of NO was involved in lysis of YAC-I cells, our studies showed that the cytotoxic potential of NK cells was decreased in L-arginine-deficient medium as compared with target-cell lysis observed in medium that contained 1 mmol/ L L-arginine, and L-NAME had no significant effect on cell lysis under these conditions. These findings are consistent with previous observations using rat NK cells.2s During preparation of the manuscript, Xiao et reported a 70% decrease in human NK-cell-mediated cytotoxicity in an amino acid mixture-free RPM1 1640 medium as compared with that observed in a complete medium. Furthermore, NK-cell activity was completely restored by adding L-arginine to the medium. The differences in the degree of inhibition of NK lytic function by L-arginine depletion observed in this latter and the present study may be due to species differences a n d or to differences in the experimental conditions (eg, differences in the composition of culture medium).
The similar kinetics and similar percentage of DNA fragmentation as compared with "Cr release both in the absence and presence of L-NAME make it impossible to conclude whether NO-dependent DNA fragmentation is an early or late event in NK-cell-mediated killing. However, NO may not function as a rapid inducer of apoptosis, for the inhibitory effect of L-NAME became more pronounced with time. Indeed, by using murine granzyme B-'-NK cells, Shresta et a!' concluded that granzyme B plays a critical and nonredundant role in the rapid induction of DNA fragmentation. The defect in DNA fragmentation of granzyme B-'-NK cells is partially compensated by long incubation times, suggesting the existence of an intact "late" killing pathway(s).* One of these mechanisms may involve NO. The present data also show that NO is not the sole inducer of late apoptosis as evidenced by the similar oligonucleosomal pattern of DNA fragmentation in the absence and presence of L-NAME. The involvement of NO in induction of apoptosis is further supported by fluorescence microscopic evaluation of YAC-I cells, which showed significant decreases by L-NAME in the number of cells with apoptotic changes in nuclear morphology at all E:T ratios tested. The degree of L-NAME inhibition was similar to that observed in the DNA fragmentation assay.
NK-cell-mediated killing was associated with a concomitant dose-dependent increase in nitrite concentration in the culture medium, which indicates an enhanced NO production. Since our NK-cell preparations contained 1% to 4% monocytes/macrophages, we addressed the cellular source of NO by measuring intracellular fluorescence of oxidized DCFH in NK cells labeled with an antimouse NK-cell monoclonal antibody and in YAC-1 cells. 34 It remains to be investigated whether YAC-1 elaborate soluble factors that activate NK cells. By using the DCFH oxidation assay, we were unable to quantitate the amount of NO produced by NK cells during the 4-hour cytotoxicity assay, since the viability of DCFH-loaded cells decreased considerably after 1 hour. Therefore, we cannot exclude the possibility that contaminating cells in NK-cell preparations might have also contributed to NO production. If monocytes/macrophages had generated a significant portion of NO, a decrease in DCFH oxidation could be detected by either L-NAME or W-13, because activated monocyte/ macrophages produce NO and superoxide, and consequently H202, simultaneously.35 Indeed, our results show that DCFH oxidation of activated monocytes/macrophages can be attenuated by both W -l 3 and L-NAME. However, H202 generation appears to be negligible under the present experimental conditions, as W-l3 did not affect significantly DCFH oxidation by effector cell preparations. These observations would argue against contribution of monocytedmacrophages to NO production in the circumstances of our experiments, and suggest that NK cells were indeed responsible for NO production. The lack of effect of W-l3 on DCFH fluorescence in NK 1.1 + cells would lend further support to the notion that NK-cell killing does not depend on production of free oxygen radical^.^^, '^ In contrast to NK cells from poly 1:poly C-treated mice, the cytolytic action of NK cells from untreated mice was not inhibited by L-NAME. Under these conditions, nitrite concentrations in the culture medium were below the detection limit of the assay after a 4-hour incubation. These findings are consistent with previous observations on the lack of effect of another NO synthase inhibitor, L-NG-monomethyl arginine, on the cytotoxic activity of NK cells prepared from untreated mice." However, NK-cell preparations from poly 1:poly C-treated and control mice are not easily comparable, as poly 1:poly C treatment markedly enhances NK-cell lytic activity due to induction of in vivo y-interferon product i~n .~~~~' Among its numerous actions, y-interferon is thought to enhance NO production via the inducible NO synthase pathway." Thus, it is plausible to assume that enhancement of NK activity by poly 1:poly C treatment can be attributed, in part, to induction of NO synthase. An enhanced production of NO by NK cells may also explain the enhanced in vitro cytotoxic activity of human NK cells preincubated with L-arginine,'z.38 the substrate for NO synthases.
To confirm that YAC-1 -cell apoptosis can be induced by NO, tumor cells were exposed to chemically generated NO.
As a source of NO, we used sodium nitroprusside, which releases NO continuously by an internal transfer of one electron to NO+.3y Results from these experiments showed that typical DNA fragmentation and cell lysis were detectable after a 4-hour culture of YAC-1 cells with sodium nitroprusside. At 6 mmoliL sodium nitroprusside, NO is generated at a rate of 0.2 to 0.3 pmol/L/min." Therefore, a maximum nitrite concentration of 48 to 72 pmol/L can be calculated after a 4-hour incubation. Since these concentrations are comparable to those detected in the culture medium at higher NK:YAC-l ratios, it seems likely that the amount of NO produced during NK killing is sufficient to induce DNA fragmentation and cell lysis in YAC-I cells.
In conclusion, the present results suggest that NO may play a role as one of the mediators of murine NK-cellmediated DNA fragmentation and cell lysis.
